Corynebacterium glutamicum, a Gram-positive soil bacterium belonging to the actinomycetes, is able to degrade formaldehyde but the enzyme(s) involved in this detoxification process were not known. Acetaldehyde dehydrogenase Ald, which is essential for ethanol utilization, and FadH, characterized here as NAD-linked mycothiol-dependent formaldehyde dehydrogenase, were shown to be responsible for formaldehyde oxidation since a mutant lacking ald and fadH could not oxidize formaldehyde resulting in the inability to grow when formaldehyde was added to the medium. Moreover, C. glutamicum DaldDfadH did not grow with vanillate, a carbon source giving rise to intracellular formaldehyde. FadH from C. glutamicum was purified from recombinant Escherichia coli and shown to be active as a homotetramer. Mycothiol-dependent formaldehyde oxidation revealed K m values of 0.6 mM for mycothiol and 4.3 mM for formaldehyde and a V max of 7.7 U mg "1
INTRODUCTION
Formaldehyde can be formed in cellular metabolism, e.g. in demethylation reactions, and is a potent cytotoxin due to its high reactivity with proteins and DNA (Chang & Gershwin, 1992; Teng et al., 2001) . In nature, formaldehyde arises in the earth's atmosphere or by incomplete oxidation, e.g. in forest fires. It is present in automobile exhaust gas and water-based formaldehyde solutions known as formol are in use as disinfectants.
Formaldehyde can be metabolized and detoxification systems are common in nature (Gutheil et al., 1997) . Formaldehyde detoxification typically involves oxidation of formaldehyde to formate and further to carbon dioxide. Alternatively, formaldehyde may be assimilated as a carbon source, e.g. by methylotrophs (Vorholt, 2002) . Assimilation of formaldehyde may occur in the reactions of the serine cycle (Anthony, 1982; Quayle, 1980) such as in Methylobacterium extorquens (Smejkalová et al., 2010) , the cyclic RuMP cycle (Kato et al., 2006; Yasueda et al., 1999) such as in Bacillus methanolicus (Brautaset et al., 2004; Jakobsen et al., 2006; Stolzenberger et al., 2013a, b) or the xylulose monophosphate cycle (Kato et al., 1982; Yurimoto et al., 2005) such as in Pichia pastoris (Lüers et al., 1998) .
Three pathways for oxidation of formaldehyde that differ in their cofactor dependence have been described. The first involves enzymes without bound cofactor such as formaldehyde dehydrogenase from Pseudomonas putida (Ando et al., 1979; Tsuru et al., 1997) or the broad-spectrum aldehyde dehydrogenases from Rhodococcus erythropolis UPV-1 (Jaureguibeitia et al., 2007) . Formate generated in these reactions may be oxidized to carbon dioxide by formate dehydrogenase. In the second pathway, formaldehyde is oxidized when bound to a thiol such as glutathione (GSH) e.g. in Escherichia coli (Gutheil et al., 1992) , Arabidopsis thaliana (Martínez et al., 1996) and humans (Yang et al., 1997) , or presumably bacillithiol (Newton et al., 2009) e.g. in Bacillus subtilis (Fang et al., 2013; Nguyen et al., 2009) , or mycothiol (MSH) e.g. in Mycobacterium tuberculosis (Misset-Smits et al., 1997; Vogt et al., 2003) . After spontaneous or enzyme-catalyzed condensation of formaldehyde and a thiol, for example via the glutathione-dependent formaldehyde-activating enzyme Gfa of Paracoccus denitrificans (Goenrich et al., 2002) , the resulting S-hydroxymethylthiol is oxidized to S-formyl-thiol by thiol-dependent formaldehyde dehydrogenase, which uses NAD + as a cofactor and requires Zn ions. Subsequently, S-formyl-thiol is cleaved by S-formyl-thiol hydrolase to yield formate and the thiol (Vorholt, 2002) . In the third pathway, formaldehyde is condensed spontaneously either with tetrahydrofolate (THF) (Kallen & Jencks, 1966) or alternatively with tetrahydromethanopterine as a C1 carrier (Maden, 2000) . The latter reaction can also be catalysed by a formaldehyde-activating enzyme (Fae), which is important for methylotrophic growth of microbes including M. extorquens . The resulting 5,10-methylene-THF can be oxidized in a linear pathway to 5,10-methenyl-THF and subsequently to 10-formyl-THF (Pomper et al., 1999) . However, 5,10-methylene-THF is a central C1 intermediate in the interconversion of glycine and serine by serine hydroxymethyltransferase (SHMT). In particular, this reaction represents the initial step of the serine cycle for assimilation of formaldehyde in several methylotrophs such as M. extorquens (Smejkalová et al., 2010) . Thus, 5,10-methylene-THF is a branching metabolite between formaldehyde assimilation and oxidation. Analogously, fructose 6-phosphate is a branching metabolite between formaldehyde assimilation in the RuMP cycle and formaldehyde oxidation in the oxidative pentose phosphate pathway (Anthony, 1982; Chistoserdova et al., 2000) .
C. glutamicum is a Gram-positive bacterium belonging to the mycolic acid-containing actinomycetes and is particularly known for its use in the million-ton-scale production of amino acids (Eggeling & Bott, 2005; Wendisch, 2007) . C. glutamicum can use a variety of sugars, alcohols, organic acids and aromatics as carbon and energy sources (Dominguez et al., 1998; Eikmanns, 2005; Gerstmeir et al., 2003; Moon et al., 2005; Shen & Liu, 2005) . Some of these substrates, such as vanillin (Merkens et al., 2005) , are metabolized via demethylation reactions in which formaldehyde is released (Shen & Liu, 2005) . Formaldehyde can be formed by spontaneous dissociation of 5,10-methylene-THF, which is formed during glycine biosynthesis in C. glutamicum (Stolz et al., 2007) . Glycine may also be synthesized from sarcosine with concomitant formaldehyde formation. A gene for a putative sarcosine oxidase and the genes for the ammonium uptake system Amt (Siewe et al., 1996) and a non-functional ornithine cyclodeaminase (Jensen & Wendisch, 2013) form an operon shown to improve lysine production when overexpressed (Sindelar & Wendisch, 2007) . The metabolic fate of formaldehyde generated in the various reactions is not yet known in C. glutamicum.
C. glutamicum possesses functionally active SHMT (PetersWendisch et al., 2005; Simic et al., 2002) . However, there is no evidence for a full complement of serine cycle enzymes or for formaldehyde assimilation. On the other hand, the genome encodes all enzymes for THF-dependent formaldehyde oxidation, involving genes encoding a putative bifunctional methylene-THF dehydrogenase/cyclohydrolase (cg0750) and a putative formyl-THF deformylase (cg0457). Recently, a formate dehydrogenase has been discovered in C. glutamicum (Witthoff et al., 2012) . The electron acceptor of the enzyme encoded in the fdhFcg0617-fdhD cluster remains unknown. The molybdenumcontaining enzyme FdhF oxidizes formate to carbon dioxide and reduces growth retardation caused by formate, which can be found in many environments (Witthoff et al., 2012) . Since factor-independent and thiol-dependent formaldehyde detoxification yields formate which can be oxidized to carbon dioxide by FdhF in C. glutamicum, we tested formaldehyde toxicity and formaldehyde oxidation in C. glutamicum and sought to identify and characterize the involved enzyme(s).
Like other actinobacteria, C. glutamicum possesses MSH as a major low-molecular-mass thiol (Newton et al., 1996) . MSH (also designated AcCys-GlcN-Ins or 1-D-myoinosityl-2-(N-acetyl-L-cysteinyl)amido-2-deoxy-a-D-glucopyranoside) is the functional analogue to GSH in actinobacteria (Jothivasan & Hamilton, 2008; Newton et al., 2008) and the genes for its biosynthesis mshA (cg0481), mshB (cg1250), mshC (cg1709) and mshD (cg2847) have been characterized (Feng et al., 2006) . In C. glutamicum, MSH was shown to be beneficial for resistance to alkylating agents, glyphosate, ethanol, antibiotics, heavy metals, aromatic compounds and various oxidants (Liu et al., 2013) and to be involved in gentisate and 3-hydroxybenzoate catabolism (Feng et al., 2006) . Since MSH-dependent formaldehyde dehydrogenases are known from Amycolatopsis methanolica (van Ophem et al., 1992) , R. erythropolis (Eggeling & Sahm, 1985) and the mycobacteria M. tuberculosis and M. smegmatis (Vogt et al., 2003) , we sought to elucidate the role of MSH in formaldehyde detoxification in C. glutamicum.
METHODS
Micro-organisms and cultivation conditions. The strains and plasmids used in this study are listed in Table S1 (available in Microbiology Online). The E. coli strain DH5a was used as a standard cloning host (Hanahan, 1983) . E. coli strain BL21(DE3) (Studier et al., 1990) DNA preparation, manipulation and transformation. Standard procedures were used for plasmid isolation and for molecular cloning and transformation of E. coli, as well as for electrophoresis (Sambrook & Russell, 2001) . Transformation of C. glutamicum was performed by electroporation as described previously (Tauch et al., 2002) . PCR experiments were performed using GoTaq DNA polymerase (Promega) or KOD Hot start polymerase (Novagen) with oligonucleotides obtained from Metabion (listed in Table S2 ). All restriction enzymes and phosphonucleokinase were obtained from Fermentas and used according to the manufacturer's instructions. Dephosphorylation and ligation were performed using the Rapid DNA Dephos & Ligation kit from Roche. Plasmids were isolated from E. coli with a QIAprep miniprep kit (Qiagen). All inserts of the plasmid constructs listed in Table S1 were controlled by DNA sequencing.
Construction of expression vectors. For IPTG-induced overexpression in C. glutamicum, vectors pEKEx3 (Stansen et al., 2005) and pVWEx1 (Peters-Wendisch et al., 2001) were used. Genes were amplified via PCR from genomic DNA of C. glutamicum ATCC 13032 using oligonucleotides listed in Table S2 . For overexpression of ald, the primers ald fw and ald rev were used for amplification. The PCR product of ald was cloned into pEKEx3 using BamHI restriction enzyme, resulting in pEKEx3-ald. The gene fadH was cloned into the vector pVWEx1 using a single-reaction assembly method (Gibson et al., 2009) .
Construction of C. glutamicum mutant strains. The in-frame deletions of ald (cg3096) and fadH (cg0387) were constructed in WT C. glutamicum using the plasmids pK19mobsacB-Dald and pK19mobsacB-DfadH as described previously (Peters-Wendisch et al., 1996) . These vectors carry upstream and downstream flanking regions of the genes, which were amplified from genomic DNA of C. glutamicum via PCR using corresponding primer pairs A and B as well as C and D (Table S2 ). The resulting PCR products as well as primers A and D were used in the subsequent crossover PCR. The resulting fusion product was ligated into BamHI digested vector pK19mobsacB (Schäfer et al., 1994) . If no restriction enzyme is mentioned for the corresponding primers A and D, a blunt end cloning strategy was used, in which the fusion product was phosphorylated with polynucleotide kinase and ligated into SmaI digested vector. Deletions were verified by PCR using the primer pairs designated Test fw and rev.
Measurement of formaldehyde concentrations. For the measurement of formaldehyde concentrations, a colorimetric method based on the Hantzsch reaction was used (Nash, 1953) . In this reaction, formaldehyde reacts with acetylacetone and ammonium salt to diacetyldihydrolutidin, which can be measured in a photometer at 412 nm wavelength. The reagent solution contained 150 g l 21 ammonium acetate, 3 ml l 21 acetic acid and 2 ml l 21 acetylacetone in water. Samples were mixed with an equal volume of reagent solution and incubated for 6 min at 58 uC. In vivo formaldehyde degradation assays were performed using resting cells. For this purpose, 50 ml mCGXII medium without carbon source were inoculated from a LB culture to an OD 600 of 1 and incubated in a 500 ml baffled Erlenmeyer flask at 30 uC and 120 r.p.m. As a negative control, WT C. glutamicum cells were incubated for 10 min at 70 uC before inoculation. The assays were started by addition of 0.5 mM formaldehyde.
Protein purification. For protein purification from E. coli BL21(DE3), fadH was amplified by PCR using the primers fadH fw NdeI and fadH rev NdeI (Table S2 ). After restriction with NdeI, the PCR product was cloned into NdeI digested vector pET16b (Novagen), resulting in pET16b-fadH. The pET16b vector allows the production of an N-terminal decahistidine tagged FadH protein in E. coli BL21(DE3). Protein production and purification was performed as described previously (Lindner et al., 2007) . After purification, the His-tag was removed by factor Xa protease (Novagen) according to the manufacturer's recommendations and FadH was buffered in 50 mM Tris/HCl pH 7.5 using PD-10 columns (GE Healthcare). The protein purification was analyzed by 12 % SDS-PAGE (Laemmli, 1970) . Protein concentration was measured according the method of Bradford via a Bio-Rad Protein-Assay using BSA as a standard. The oligomeric state of FadH was determined in 50 mM Tris/HCl pH 7.5 and 150 mM NaCl via gel filtration as described previously (Lindner et al., 2007) .
Isolation of mycothiol. Extract containing mycothiol (MSH) was obtained from C. glutamicum cells using the 'heating procedure' mentioned in (van Ophem et al., 1992) . Cell-free extract from 20 g cells was heated to 99 uC for 5 min and denatured proteins were removed by centrifugation.
Pure mycothiol was isolated from C. glutamicum cells using a non-polar carrier disulfide (Steenkamp & Vogt, 2004) . In the first step, 2-S-(29-thiopyridyl)-6-hydroxynaphthyldisulfide was synthesized using 6-Hydroxy-2-naphthyldisulfide and 2,29-pyridyldisulfide. Cell-free extract of C. glutamicum was incubated with 2 S-(29-thiopyridyl)-6-hydroxynaphthyldisulfide for three hours and produced 2-S-(mycothiolyl)-6-hydroxynaphthyldisulfide was isolated using a SepPak C18 cartridge (Waters). Mycothiol was obtained by reduction of 2-S-(mycothiolyl)-6-hydroxynaphthyldisulfide with DTT and subsequent liquid chromatography. All steps of the isolation process were controlled using MALDI-TOF MS, LC-MS and/or NMR.
Preparation of crude extracts. For determination of the influence of formaldehyde on the expression of ald and fadH, C. glutamicum cells were cultivated in LB complex medium and 1 mM formaldehyde was added after 2 h of growth (OD 600 of 1) with subsequent 3 h of incubation. Cells were harvested by centrifugation (8 min, 3200 g and 4 uC), washed with 22.5 ml 50 mM Tris/HCl pH 7.5 and disrupted by sonication treatment (UP 200S; Dr Hielscher GmbH) with an amplitude of 50 % and a duty circle of 0.5 for 9 min. Protein concentration was measured according to the method of Bradford via a Bio-Rad Protein-Assay using BSA as a standard.
Enzyme assays. Enzyme activity of FadH was assayed spectrophotometrically using a Shimadzu UV-1800 spectrophotometer by following the formation of NADH at 340 nm (De56230 M 21 cm 21 ) at 30 uC. The reaction mixture (1 ml final volume) for measurement of alcohol dehydrogenase activity contained 100 mM Tris/HCl buffer (pH 9), 10 mM NAD + , 500 mM NaCl, 0.5 mM ZnCl 2 and purified FadH. To assay oxidation of formaldehyde by FadH, the mixture contained 100 mM Tris/HCl (pH 8.25), 500 mM NaCl, 20 mM NAD + , 1 mM DTT and mycothiol. The mixture was pre-warmed to 30 uC for 6 min and the reaction was started by addition of the substrate. Ald enzyme activity was assayed according to a modified method described by Arndt et al. (2008) following the formation of NADH at 340 nm in 1 ml of 100 mM Tris/HCl pH 7.5, containing 0.5 mM DTT, 10 mM KCl and 10 mM NAD + . The reaction was started by addition of 1 mM acetaldehyde. (Thompson et al., 1997) and were calculated using the neighbour-joining method with 1000 bootstrap replicates. The protein sequences of C. glutamicum FadH and its homologues in the closely related Corynebacterium efficiens and Corynebacterium jeikeium were compared to the sequences of characterized proteins listed in Table S3 .
RESULTS

Inhibition of growth of C. glutamicum by formaldehyde
To characterize the response of C. glutamicum to formaldehyde, plating efficiency was tested on BHI agar plates after incubation for 24 h with formaldehyde. As compared to incubation without formaldehyde around 20 % of c.f.u. remained after incubation with 2 mM formaldehyde and no colonies were formed after incubation with 4 mM formaldehyde (data not shown). To determine the response to formaldehyde in liquid medium, C. glutamicum was grown in minimal medium with 100 mM ribose and various concentrations of formaldehyde (Fig. 1) . Addition of formaldehyde resulted in a concentration-dependent decrease of the growth rate, while the final cell density was not affected when 1 mM or less formaldehyde was added. Without formaldehyde, the growth rate was 0.30±0.00 h . Addition of 1 mM formaldehyde resulted in a considerable lag phase and concentrations higher than 1 mM inhibited growth completely (Fig. 1a) . Complete degradation of formaldehyde by C. glutamicum occurred within 6.5 h (with 0.5 mM) to 10 h (with 2.5 mM) (Fig. 1b) , demonstrating the presence of a formaldehyde degradation system in C. glutamicum.
Role of ald in formaldehyde degradation by C. glutamicum
Formaldehyde is toxic to C. glutamicum (Fig. 1) , however, this bacterium can withstand relatively high formaldehyde concentrations as compared to, for example, fibroblasts (IC 50 of approximately 263 mM; Lovschall et al., 2002) or Ralstonia eutropha (IC 50 of about 1.6 mM; Habibi & Vahabzadeh, 2013) . One potential candidate for an enzyme oxidizing formaldehyde to formate in C. glutamicum is the acetaldehyde dehydrogenase Ald, which is essential for utilization of ethanol (Auchter et al., 2009) . Although the substrate spectrum of Ald has not been reported, Ald might also be active with formaldehyde which differs from acetaldehyde by a methyl group. In order to test whether Ald is involved in formaldehyde degradation, the ald gene was deleted from WT C. glutamicum. Formaldehyde degradation by the resulting mutant Dald and the WT was compared by addition of formaldehyde to cultures and following the formaldehyde concentrations in the supernatants in vivo by the Nash assay (s. Methods). WT C. glutamicum showed formaldehyde degradation with an initial rate of 48 nmol min 21 mg cell dry weight 21 (Fig.   2a ), while formaldehyde degradation by C. glutamicum Dald was reduced by about 30 % (31 nmol min 21 mg cell dry weight
21
) as compared to WT. Thus, Ald is involved in formaldehyde degradation by C. glutamicum, but it is not the only system active under the chosen conditions. The C. glutamicum genome encodes a putative mycothiol-dependent formaldehyde dehydrogenase Several proteins similar to Ald could be identified in C. glutamicum by BLASTP analysis. Deletion mutants of cg0067, cg0535, cg0567, cg0637, cg2713 and cg2953 were constructed and tested for formaldehyde degradation. However, all of these mutants showed formaldehyde degradation rates comparable to C. glutamicum WT (data not shown). Besides acetaldehyde dehydrogenases, various formaldehyde dehydrogenases are known. The genome sequence of C. glutamicum lacks genes encoding factor-independent formaldehyde dehydrogenases similar to the enzyme from P. putida (Tsuru et al., 1997) as well as genes for glutathione-dependent formaldehyde dehydrogenases similar to the enzyme from E. coli (Gutheil et al., 1992) . Actinomycetes lack glutathione, however, they possess mycothiol, a conjugate of N-acetylcysteine (AcCys) with 1-D-myo-inosityl-2-amido-2-deoxy-a-D-glucopyranoside (GlcN-Ins) (Misset-Smits et al., 1997) as major lowmolecular-mass thiol (Jothivasan & Hamilton, 2008; Newton et al., 2008) . Mycothiol also exists in C. glutamicum (Feng et al., 2006) . A BLAST analysis of the C. glutamicum genome revealed a gene encoding a protein sharing 65 % identical amino acids with the mycothiol-dependent formaldehyde dehydrogenase from M. tuberculosis (Vogt et al., 2003) . This gene, cg0387, is annotated to code for a zinc-type alcohol dehydrogenase with high similarity to the class III alcohol dehydrogenase family (Marchler-Bauer et al., 2011) . Binding sites for NAD + and zinc which are typical for class III alcohol dehydrogenases (Sanghani et al., 2002) and mycothioldependent formaldehyde dehydrogenases (Norin et al., 1997) are present as well.
The amino acid sequences of cg0387 from C. glutamicum and its homologues from the closely related C. efficiens and C. jeikeium were aligned with biochemically characterized bacterial and eukaryotic formaldehyde dehydrogenases (FadHs), alcohol dehydrogenases and aldehyde dehydrogenases. A phylogenetic tree was constructed using the program MEGA 5.1 (Fig. S1 ). As expected, cg0387 from C. glutamicum showed the highest identity to the enzymes from C. efficiens (91 %) and C. jeikeium (69 %). Cg0387 from C. glutamicum showed a sequence identity of at least 65 % to the biochemically characterized mycothioldependent FadHs. Similarities to all other characterized proteins were low (less than 36 % identical amino acids), with the glutathione-dependent FadH from Homo sapiens (36 %) showing the highest identity. These results suggest that the protein encoded by cg0387 from C. glutamicum and its homologues from C. efficiens and C. jeikeium might be active as mycothiol-dependent FadHs. Tentatively, cg0387 was named fadH.
Role of mycothiol and fadH in formaldehyde degradation by C. glutamicum
In order to test whether mycothiol and/or the fadH-encoded protein are involved in formaldehyde degradation, a deletion mutant lacking fadH was constructed and formaldehyde degradation by this mutant was compared to that by C. glutamicum WT and mutant DmshC which lacks mycothiol (Feng et al., 2006) . Formaldehyde degradation by both mutants was reduced as compared to C. glutamicum WT (48 nmol min 21 mg cell dry weight
). Interestingly, both mutants showed similar formaldehyde degradation rates of about 18 nmol min 21 mg cell dry weight
, which is an about 2.7-fold lower rate than WT (Fig. 2a) . Clearly, both mycothiol and the putative mycothiol-dependent formaldehyde dehydrogenase encoded by fadH play a role in degradation of formaldehyde.
Subsequently, a double deletion mutant lacking both fadH and ald was constructed. The deletions were confirmed by PCR analysis of the corresponding genomic regions and sequencing of the PCR products. Formaldehyde degradation by the double mutant DfadHDald could not be detected (Fig. 2a) , indicating that the encoded enzymes are the only proteins involved in formaldehyde degradation under the chosen conditions. To exclude secondary or polar effects, a complementation analysis was performed. The double mutant DfadHDald was transformed with compatible plasmids allowing the IPTG-inducible expression of either ald or fadH. Overexpression of either ald and/or fadH complemented the double mutant DfadHDald (Fig. 2b) . The formaldehyde degradation rates were similar to the WT (51±0 nmol min 21 mg cell dry weight
) when ) or ald as well as fadH (53±3 nmol min 21 mg cell dry weight 21 ) were overexpressed. In order to characterize the impact of the absence of formaldehyde degradation for growth, the double mutant was cultured in minimal medium containing 100 mM ribose and 0.5 mM formaldehyde. While DfadHDald showed hardly any growth, overexpression of ald and fadH restored growth to wild-type levels (Fig. 3 ).
C. glutamicum is able to grow with several compounds, which yield formaldehyde intracellularly during utilization. During growth with vanillate, formaldehyde arises as a byproduct in the reaction catalyzed by VanA (Merkens et al., 2005) . In a preliminary experiment using minimal medium with vanillate as the sole carbon source, the deletion strain DaldDfadH showed hardly any growth (data not shown), while WT C. glutamicum grew as described earlier (Merkens et al., 2005) . Subsequently, growth with vanillate and formaldehyde accumulation was compared for the deletion strain DaldDfadH complemented by plasmidborne expression of ald and fadH or carrying the empty control plasmids (Fig. 4) . Strain DaldDfadH(pVWEx1-fadH)(pEKEx3-ald) utilized vanillate almost completely (3±3 mM remained), grew to the expected biomass concentration and accumulated only less than 0.1 mM formaldehyde. The deletion strain carrying the empty control plasmids could not grow in minimal medium with 25 mM vanillate (Fig. 4a) , but accumulated up to tenfold more formaldehyde than the complemented mutant strain (up to 0.5 mM; a concentration shown to cause severe growth inhibition of the deletion strain, Fig. 3 ) while 25±3 mM vanillate remained in the medium (Fig. 4b) .
Collectively, these results show that the formaldehyde detoxification by C. glutamicum involves two enzymes, acetaldehyde dehydrogenase Ald and the mycothioldependent formaldehyde dehydrogenase FadH, and that formaldehyde detoxification is required for growth in the presence of extracellular formaldehyde and when formaldehyde is generated as a metabolic by-product during growth on a natural carbon source of C. glutamicum, such as vanillate.
FadH from C. glutamicum is active as a homotetramer
The fadH gene of C. glutamicum was amplified and cloned into the vector pET16b, which allows heterologous expression of FadH with an N-terminal His-tag in E. coli BL21(DE3). Protein production was induced by the addition of IPTG and FadH was isolated using Ni-NTA chromatography. The His-tag was cleaved using factor Xa protease and the enzyme was buffered in 50 mM Tris/HCl pH 7.5. Protein purification from 500 ml culture broth typically led to an average protein concentration of 1.2 mg ml 21 and a total amount of 3.6 mg per purification. The multimeric state of FadH was analyzed with gel filtration and subsequent enzyme activity assays of all fractions. These analyses revealed that the major part (80 %) of FadH is present as a homotetramer with a molecular mass of about 162 kDa (38.9 kDa for the monomer), possessing 89 % of the total enzyme activity. No trimeric or dimeric form could be detected and 9 % of the enzyme was found to be a monomer (about 56 kDa), possessing 11 % of the total enzyme activity and thus showing a specific enzyme activity similar to the tetramer.
Biochemical properties of FadH purified from C. glutamicum
Prior to the kinetic characterization of FadH, the optimal assay conditions, cofactors as well as inhibitors were determined. Conditions for thiol-independent oxidation of ethanol and thiol-dependent oxidation of formaldehyde were optimized separately.
Effect of pH. Measurements were performed in 100 mM Tris/ HCl at 30 u C and the highest activity could be detected at pH 9 using 1 M ethanol as substrate. The activity decreased at lower pH, showing only 27 % activity at pH 7.5. Using glycineNaOH or sodium carbonate buffers, the enzyme activity was strongly decreased or the measurements were unsteady, respectively. The highest formaldehyde dehydrogenase activity was observed at pH 8.25.
Cofactors. The concentration of NAD
+ was determined to be optimal at 10 mM for ethanol and 20 mM for formaldehyde. NAD + could not be replaced with NADP + in case of both substrates.
Metal ion dependence. The enzyme FadH possesses several sequence features related to structural as well as catalytic zinc binding sites. As formaldehyde dehydrogenases are known to be influenced by divalent metal ions like zinc (van Ophem et al., 1992) , enzyme activity measurements were performed at 30 uC in 100 mM Tris/HCl pH 9 with 10 mM NAD + and the different metal ions were added in concentrations of 1 mM. With ethanol as a substrate, the alcohol dehydrogenase activity of FadH was increased to varying degrees by zinc, manganese, copper, cobalt, nickel, cadmium, calcium and magnesium ions with the highest increase observed with zinc ions (data not shown). Enzyme activity measurements with addition of different amounts of zinc ions revealed an optimal concentration of 0.5 mM ZnCl 2 . Addition of equal or higher concentrations of EDTA reduced the activity 7.5-fold to the activity observed without addition of zinc (Table 1) .
In order to determine inhibitory effects on FadH alcohol dehydrogenase activity, 1 mM of divalent metal cations were added in addition to 0.5 mM ZnCl 2 (Table 1) . Slightly reduced activities were observed with copper, cobalt, nickel and cadmium ions. The strongest effect was observed with cadmium ions as 1 mM cadmium reduced the activity about threefold. The influence of most divalent metal ions on formaldehyde dehydrogenase activity could not be determined due to chemical reaction with DTT. However, addition of Mg 2+ and Ca 2+ resulted in a slight increase of activity with ethanol as well as formaldehyde.
Ionic strength. In order to determine how FadH enzyme activity is influenced by the ion strength in the assay, different concentrations of NaCl were added to the standard assay conditions. A concentration-dependent increase in enzyme activity was observed, resulting in a 2.5-fold ethanol dehydrogenase activity and 30 % increased formaldehyde dehydrogenase activity with 500 mM NaCl (data not shown).
Screening for activators and inhibitors. No enzyme activity with formaldehyde could be detected without addition of mycothiol. DTT was used in the formaldehyde dehydrogenase assay in order to keep mycothiol in its reduced form, which is able to form a complex with formaldehyde. Whereas addition of 1 mM DTT is shown to be essential for formaldehyde dehydrogenase activity (Table 2) , the ethanol dehydrogenase activity decreased by approximately 80 % (Table 1 ). Glycine appears to be inhibitory for activity with ethanol, but not with formaldehyde. No significant inhibitory effect of acetaldehyde could be detected for both substrates.
Kinetic properties and substrate spectrum. Under the optimal assay conditions, initial reaction rates were determined with various concentrations of different substrates. FadH possesses Zn-dependent alcohol dehydrogenase activity, which The mixture for activity measurement contained purified and Histagged FadH, effectors and 10 mM NAD + in 100 mM Tris/HCl pH 9. This mixture was incubated for 6 min at 30 u C and the reaction was started by addition of ethanol (1 M final concentration). Mean values and arithmetic deviations from the mean are given. ). Only residual activity was observed with hexanol.
Specific activity with ethanol (U mg
Degradation of formaldehyde by FadH was dependent on the presence of mycothiol and DTT. Mycothiol could not be replaced by GSH (data not shown). The formaldehyde dehydrogenase reaction was saturable with formaldehyde using 200 ml of extract containing mycothiol, showing a half-maximal reaction rate with 4.3 mM formaldehyde. Since the chosen concentrations of formaldehyde exceeded the concentrations of mycothiol used in the assays, the enzyme activity was strongly dependent on the amount of mycothiol added. Kinetic parameters for purified mycothiol were measured with 20 mM formaldehyde, revealing a K m of 0.6 mM and a V max of 7.7 U mg 21 (Table 3) .
Addition of formaldehyde to the growth medium did not affect FadH activity levels
In order to determine if formaldehyde addition to the medium affects the levels of FadH and/or Ald activities, WT C. glutamicum, DfadH, Dald and DadhA were cultivated in LB medium with or without addition of a growth-inhibiting, but sublethal concentration of formaldehyde (1 mM) and the specific activities of FadH and Ald were determined in crude extracts. WT C. glutamicum, DfadH and DadhA showed Ald activities of about 10-20 mU mg 21 when grown in LB in the absence or presence of formaldehyde (Table 4 ). WT C. glutamicum and Dald showed FadH activities of about 30 mU mg 21 when grown in LB or LB+formaldehyde (Table 4) . C. glutamicum DfadH showed about twofold lower Ald and FadH specific activities than WT C. glutamicum irrespective of the presence or absence of formaldehyde during growth in LB (Table 4) . Taken together, no evidence for induction of FadH or Ald by formaldehyde was obtained since neither FadH nor Ald showed higher specific activities after growth in the presence of formaldehyde.
DISCUSSION
It was shown here that C. glutamicum possesses a mycothiol-dependent formaldehyde dehydrogenase named FadH. Unlike several other GSH-or MSH-dependent FadHs, which are known to be dimeric (Gutheil et al., 1992) or trimeric (Eggeling & Sahm, 1985; van Ophem et al., 1992) enzymes, FadH from C. glutamicum is mainly active as a homotetramer. MSH was essential for the oxidation of formaldehyde by FadH and could not be replaced by GSH, which is consistent with different residues involved in thiol binding in GSH-and MSHdependent dehydrogenases (Norin et al., 1997) . MSHdependent formaldehyde dehydrogenases from A. methanolica (Norin et al., 1997) and R. erythropolis (van Ophem et al., 1992) contain catalytic and structural zinc atoms like FadH. This is commensurate with the observation that FadH from C. glutamicum showed an increased MSHindependent ethanol oxidation activity when zinc ions were added to the assay. The MSH-independent ethanol oxidation activity of FadH was also activated by all other tested divalent metal ions. Only slight inhibition of zincactivated protein by divalent metal ions was observed. By contrast, 1 mM CuCl 2 completely inhibited the A. methanolica enzyme (van Ophem et al., 1992) and the GSH-dependent formaldehyde dehydrogenase from Candida boidinii (Schüte et al., 1976) . MSH-independent ethanol oxidation activity of FadH was inhibited by DTT, whereas DTT was required for MSH-dependent formaldehyde oxidation by FadH. The dependency of mycothioldependent formaldehyde oxidation on the presence of DTT is known (Eggeling & Sahm, 1985) and reflects the need for reduced mycothiol (Misset-Smits et al., 1997).
FadH from C. glutamicum was shown to oxidize several short chain alcohols such as ethanol, 1-propanol and 1-butanol independent of MSH. Thiol-independent ethanol oxidation appears to be a common feature for class III alcohol dehydrogenases e.g. from human (Lee et al., 2003) or E. coli (Gutheil et al., 1992) . In addition, the characterized thioldependent formaldehyde dehydrogenases from A. methanolica and R. erythropolis (Eggeling & Sahm, 1985; van Ophem et al., 1992) oxidize ethanol in a thiol-independent manner. MSH-independent alcohol oxidation by FadH from C. glutamicum occurred with half-maximal activities at 330 mM ethanol, 150 mM 1-propanol and 50 mM 1-butanol, respectively. Comparably low substrate affinities have been found for the class III alcohol dehydrogenases from human (3.4 M for ethanol; Lee et al., 2003) and E. coli (.3 M for ethanol; Gutheil et al., 1992) and the formaldehyde dehydrogenase from A. methanolica (343 mM for ethanol, 324 mM for 1-propanol, 84 mM for 1-butanol; van Ophem et al., 1992) . Besides the MSH-independent alcohol dehydrogenase activity of FadH, C. glutamicum possesses alcohol dehydrogenase AdhA (Arndt & Eikmanns, 2007 Formaldehyde detoxification by C. glutamicum could be shown to involve factor-independent aldehyde dehydrogenase Ald, which is required for growth with ethanol as a carbon source but was not yet known to oxidize formaldehyde (Arndt et al., 2008) , and mycothiol-dependent formaldehyde dehydrogenase FadH, identified here. It is known that many bacteria exhibit more than one formaldehyde oxidation pathway, which might be used for different purposes (Vorholt, 2002) . No evidence for induction of FadH or Ald by formaldehyde was obtained (Table 4) while in E. coli (Gutheil et al., 1997) and B. subtilis (Nguyen et al., 2009) , expression of the thioldependent formaldehyde dehydrogenase and other genes related to formaldehyde detoxification is induced by addition of formaldehyde. The expression pattern of fadH is currently unknown and no binding sites of the characterized transcriptional regulators of C. glutamicum could be identified in its upstream sequence region using the CoryneRegNet database (www.coryneregnet.de; Pauling et al., 2012) . Expression of ald depends on the carbon source as about tenfold higher activity was found with ethanol as a carbon source as compared to growth with glucose or mixtures of glucose with ethanol (Auchter et al., 2009 ). This regulation is mediated by the proteins RamA and RamB and possibly by GlxR (Auchter et al., 2009 ). Thus, due to differential gene expression the importance of Ald and FadH might vary with the physiological conditions.
The potent cytotoxin formaldehyde can be formed in nature for example by incomplete combustion of organic material (Peters et al., 2012) or in plant biomass (Lagacé et al., 2012) and can enter the soil, the natural habitat of C. glutamicum, by rainfall or degradation of plant material, respectively. Here, we could show that the formaldehyde detoxification system of C. glutamicum encoded by fadH and ald is crucial for the tolerance of this external stress by free formaldehyde. Intracellularly generated formaldehyde occurs as a by-product of enzymic methylation and demethylation processes or due to the oxidation of methanol (Szende & Tyihák, 2010) . Besides catabolism of Formaldehyde degradation in C. glutamicum methylated amino acids like S-adenosyl-L-methionine (Tyihák et al., 1998), E-N-trimethyl lysine and dimethylglycine (Tralau et al., 2009 ) and biosynthesis of glycine from serine via serine hydroxymethyltransferase (PetersWendisch et al., 2005) also aromatic compounds such as vanillate, which are natural carbon sources of C. glutamicum (Merkens et al., 2005) , give rise to formaldehyde. Formaldehyde dissimilation was shown here to be essential for the vanillate metabolism in C. glutamicum such as is known for other organisms like P. putida (Hibi et al., 2005) . Taken together, these results show that the formaldehyde detoxification by Ald and mycothioldependent FadH is required for growth of C. glutamicum in the presence of extracellular formaldehyde or when formaldehyde is generated as a metabolic by-product during catabolism of vanillate and related substrates.
